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a  b  s  t  r  a  c  t

This  study  investigated  the  production  conditions  of  a  potassium  magnesium  phosphate  fertilizer  with
vinasse  (a  by-product  of  the  sugar  or ethanol  industry)  and grape  marc  (a  by-product  of the  wine-making
industry).  A  mixture  of  vinasse  and  grape  marc  was  subjected  to  pyrolysis  under  a  nitrogen  gas  atmo-
sphere,  and  water  was  used  to extract  potassium  from  the  end  product.  Potassium  magnesium  phosphate
(potassium-struvite,  KMgPO4.6H2O), a  slow-release  fertilizer  compound,  was  obtained  from  the  extract
with  potassium  to  explore  process  conditions  and  product  characteristics.  Producing  fertilizer  products
from  residual  materials  is  of paramount  significance  for conserving  natural  resources.  The  mixture  was
pyrolyzed,  allowing  us to remove  potassium  from  the  complex  matrix  of  concentrated  vinasse  to  a clear
and high  alkaline  solution.  The  residual  carbon  was  activated  by decomposing  (pyrolysis)  and  treating  the
residue  and  then  washing  it with  water.  The  extract  had  high  alkalinity,  suggesting  that  the  potassium  in
Slow-release fertilizer
Activated carbon
Circular economy

the mixture  resulted  in  carbon  activation  during  biomass  pyrolysis.  Pyrolysis  and  treatment  can  be  used
to  produce  activated  carbon  from  vinasse.  This  study  also  investigated  the  solubility  of vinasse  in  water
and  aqueous  solutions.  K-struvite  with  10.67  % K2O was about  2% soluble  in water,  indicating  that  the end
product  was  a slow-release  fertilizer  agent.  In  conclusion,  this  process  can be  used  to produce  potassium
(a  slow-release  fertilizer)  and  activated  carbon  (a by-product)  from  vinasse  for  different  purposes.

© 2021  Institution  of Chemical  Engineers.  Published  by Elsevier  B.V. All  rights  reserved.
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1. Introduction

Vinasse (stylage) is a by-product of the sugar or ethanol industry.
The greatest challenge faced by molasses-based alcohol factories
is how to reuse the vinasse. One liter of alcohol results in about
12–15 liters of vinasse (Reis et al., 2019; Arslanoğlu et al., 2020;
Liang et al., 2012). The disposal of slurry with high organic matter
causes water contamination. Therefore, some alcohol factories in
Turkey have been forced to halt production. The properties - and
thus recycling potential - of vinasse depend on the type of mate-
rial (molasses, corn, potato, etc.) from which alcohol is produced.
Molasses are used as a supplement to livestock meals because it
contains a high amount of salt. The best way to use vinasse is as

a fertilizer in yeast production. However, only a few facilities pre-
pare mash from vinasse (Arslanoğlu et al., 2020; Liang et al., 2012).
It is hard to transport a large amount of dilute slurry (8–10 Bx) as a
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ertilizer. Vinasse used to be discharged directly into natural water-
ays, causing environmental pollution (60,000−70,000 mg/L COD

nd 25,000−30,000 mg/L BOD). However, today it is converted into
aluable products, such as a liquid fertilizer with potassium sul-
ate (Liang et al., 2012; Barampouti et al., 2019; Li and Mupondwa,
018). Scientists hold anthropological factors and chemical fertil-

zers responsible for eutrophication in water bodies, suggesting
hat we should use fertilizers more carefully for both environmen-
al and economic sustainability. Therefore, slow-release fertilizers
ave been of great interest in recent years.

Mineral fertilizers are mostly highly soluble compounds. How-
ver, their discharge to the soil causes losses due to precipitation
nd washing and drifting during irrigation, resulting in eutroph-
cation in surface waters. Coating methods are used to achieve
low or controlled solubility in mineral fertilizers with sulfur,
umic substances, resins, and polymers (Irfan et al., 2018). One
ay  of dissolving fertilizers with nutrients is to use compounds

ith low solubility. Double phosphates of magnesium, a group of
inerals with nutrient elements used by plants, have limited solu-

ility in normal water and soil environments. Ammonium-struvite
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(MgNH4PO4.6H2O) is the most popular slow-release fertilizer, and
therefore, numerous research has focused on its characteristics
and recovery as a by-product from final wastes of treatment sys-
tems. There is little research on the characteristics and production
of potassium struvite (MgKPO4.6H2O), although it is an analog of
ammonium struvite with valuable nutrients. Potassium struvite
is superior to ammonium-struvite because it does not degrade
(Salutsky and Steiger, 1964; Chojnacka et al., 2019) or cause ammo-
nia loss observed in urea-based fertilizers after their introduction
into the soil. Vinasse-based potassium sulfate is quickly washed
away by rain and irrigation water because it is highly soluble in
water (120 g/L) (Lide, 1995). On the other hand, MgKPO4.6H2O has
a solubility of about 0.08 g/L (Yang et al., 2019). One study reported
it equal to or higher than 2.0 g/L (Salutsky and Steiger, 1964), while
another found it to be lower than 0.2 g/L (Tian et al., 2020).

Turkey has four alcohol factories (Eskisehir, Turhal, Malatya, and
Erzurum), producing 60 million liters of ethanol from sugar beet
molasses per year. However, only the alcohol factory in Eskisehir
operates regularly and has vinasse thickening and potassium sul-
fate production units. The sugar factory in Amasya is a new private
factory with additional facilities capable of producing 60,000 L of
alcohol and 110 tons of concentrated vinasse per day. However,
those facilities do not operate at maximum capacity. Pankobirlik
(Sugarbeet Growers Cooperatives Association) has also established
an ethanol plant with an annual capacity of 84 million liters to
produce bioethanol, a by-product of sugar beet. The plant pro-
duces concentrated and doped concentrate vinasse as a fertilizer
(Hidalgo et al., 2019). According to the Official Gazette (No. 28346
& Date: 7, 2012), (1) gasoline delivered by refinery license holders
via land tanker filling units and (2) gasoline delivered to dealers
by distributor license holders must contain at least 2% ethanol (as
of 01.01.2014) and at least 3% ethanol (as of 01.01.2014) (Web-7).
With this regulation, the bioethanol mix  ratio increased with an
increase in the amount of bioethanol consumed in Turkey. With
increased bioethanol production, the sugar factories will regularly
produce alcohol, increasing the amount of molasses.

Potassium magnesium phosphate (potassium-struvite), a slow-
release fertilizer, can be produced from potassium in vinasse. To
that end, preliminary studies performed vinasse pyrolysis impreg-
nated with lignocellulosic substances, which was  then extracted
with water. The results showed that potassium can be extracted
into a high-efficiency solution and that the resulting solution is a
colorless solution with high alkalinity. Not only does an alkaline
medium provide a suitable environment for the precipitation of
potassium-struvite, but it also reduces the need to use basic com-
ponents during precipitation. Grape marc contains some potassium
(Patti et al., 2009; Ferjani et al., 2019), and therefore, should be
used as a lignocellulosic material in a process within that frame-
work. Turkey is the world’s sixth largest grape producer (4.255.000
tons annually) and accounts for 5.8 % of the total grape produc-
tion worldwide. About 80 percent of the grape harvest worldwide
is used to produce wine, while the remaining is disposed of as
waste (Lafka et al., 2007; Algieri et al., 2019). However, there is
little research in Turkey on the reuse of grape industrial waste.

This study, therefore, designed a three-step process: (1) pyrol-
ysis of a mixture of grape marc and vinasse, (2) extraction
of potassium into solution, and (3) precipitation of potassium-
struvite. The process was based on the assumption that the
post-extraction carbonized material could be converted into acti-
vated carbon by superheating it with potassium compounds and
that a second product could be obtained to use for water treat-
ment. This study aimed to produce an eco-friendly fertilizer and

activated carbon from a grape marc and vinasse mixture. Those
products will have added value because they will be economi-
cally and environmentally sustainable. We  believe that slow- or
controlled- release natural fertilizers yield the same output and
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ause less pollution than commercial fertilizers. In this study, con-
entrated vinasse and grape marc were mixed and then extracted
ith water for pyrolysis. Concentrated vinasse was  supplied from

he Sugar Factory in Eskisehir, while grape marc was supplied from
he Eskibaglar Wine Factory in Elazig. Potassium-struvite was  pre-
ipitated from the extract, and activated carbon was stabilized from
he carbonized residue using an acid solution. The resulting prod-
cts were characterized.

. Proposed technological concept

Vinasse should not be directly discharged to the environment
ecause it contains a high amount of organic matter. Nitrogen
nd potassium content is a sign of fertilizer quality. Vinasse is
ard to transport because it is very dilute, and therefore, it can
e used directly only where it is produced. Besides, its use is

imited due to high organic content. Thus, it is concentrated and
reated with sulfuric acid to recover its potassium as potassium
ulfate in many embodiments. In Turkey, this process is carried
ut in the alcohol production facilities of sugar factories. How-
ver, potassium sulfate production has been halted due to the
ase of transporting concentrated vinasse from the factory to
he dilute state. Potassium sulfate is a potassium salt used as a
ertilizer. However, it cannot be used as widely as fast-release fer-
ilizers because it is highly soluble in water. Vinasse potassium
annot be used as a fertilizer if it is in small concentrations and
as poor qualities (e.g., fast-release). This study aimed to obtain

 slow-release fertilizer (KMgPO4.6H2O; potassium magnesium
hosphate, potassium-struvite) from vinasse.

First, struvite was precipitated in a concentrated vinasse
edium. To that end, a reasonable amount of phosphoric acid and
gCl2 were mixed in a plate with a K: P: Mg  ratio of 1:1:1 based on

otassium. The pH was then adjusted to 8−10. The whole mass
as crystallized, and the excess NaOH solution was spent. The

rystals were Na3PO4. The same experiments were performed in
 more diluted medium. The consumption of NaOH solution was,
gain, high. A brown/white precipitate was obtained. Weight was
alculated in a solid, which was filtered off and dried after wash-
ng. Chemical analyses were performed, and XRD diagrams were
btained. The result showed that the end product was  an amor-
hous mass of mostly magnesium and calcium phosphates and

ittle potassium.
A vinasse medium generally contains organic acids and their

alts and plant components (betaine, pyrimidine, etc.) and protein
omponents, probably due to excessive buffer and NaOH solu-
ion consumption. Therefore, potassium-struvite precipitation in

 vinasse medium is not very suitable. Besides, even if a significant
mount of potassium is removed from vinasse, the remaining liquid
esidue contains a high sodium concentration and creates a waste
tream, which is unusable and even contains pollutants. Therefore,
otassium-struvite was directly precipitated from a concentrated
inasse medium, but vinasse was pyrolyzed by impregning a ligno-
ellulosic agent, i.e., grape marc. Subsequent extraction with water
ielded an alkaline medium purified from potassium impurities and
aken up in solution with high yield. Precipitation in that medium
esulted in more K-struvite. For example, potassium salts result-
ng from pyrolysis can promote mass activation, and the residue of
xtracted potassium can be considered activated carbon. Therefore,
his study focused on this method (Fig. 1).

. Materials and methods
.1. Supply and preparation of vinasse and grape marc

Concentrated vinasse (200 kg) was  supplied from the Eskisehir
ugar Factory Alcohol Production Facilities and divided into two

8
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-struvite and activated carbon from vinasse and grape marc.
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Fig. 1. Flow chart of processes for obtaining potassium

parts. Some were kept in the refrigerator at −16 ◦C and some at +3
◦C. Grape marc was supplied from the Eskibaglar Wine Factory in
Sivrice/Elazığ and washed with water on a clean concrete floor. The
grape seeds, which contain most of the grape stalk, were dried out
in the open and then removed. They were then dried in batches in
an oven at 80 ◦C for 24 h and milled in a Renas Spice-Herb Grinder
IC-25B grinder and sieved to -50 mesh (<0.3 mm)  size. The sam-
ples were kept in closed plastic jars throughout the study (Fig. S1)
(Arslanoğlu, 2016; Tümen, 2016).

3.2. Chemicals

The chemicals used in the experiments were supplied from
commercially available products of various purity companies. The
reactive chemicals used for analysis and analytical purity and stan-
dard were certified products.

3.3. Pyrolysis system

The pyrolysis system consisted of a chamber furnace (Protherm
PLF 110/15) through which nitrogen gas can pass at a specific
flow rate. The temperature of the chamber furnace is computer-
controlled. The chamber (22 × 23 × 34) can hold nine pieces of 85
mL crucible at the same time and is equipped with a chimney and
aspirator system for the removal of exhaust gases (Fig. 2).

3.4. Pyrolysis and potassium extraction

The samples were stored in an oven at 100 ◦C for 6–48 h. For
pyrolysis, nitrogen gas was first introduced into the chamber at
600 ◦C and 800 ◦C at a rate of 300 mL/min for 120 m.  Afterward,
the samples were placed in the oven at room temperature, and
nitrogen gas was introduced for 10 min. The oven reached 600 ◦C
and 800 ◦C in 15 and 20 min, respectively. Pyrolysis was  carried
out in a furnace (600 ◦C and 800 ◦C) for 120 min. Afterward, the
samples were removed from the oven and left to cool down in a

vacuum desiccator. The pyrolysis products were milled and sieved
through a 200 mesh (<0.075 mm)  sieve. The samples were extracted
with water under standardized conditions [water/(pyrolysis prod-
uct) at a ratio of 10, room temperature (23−27 ◦C) for 120 min, with

p
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o

107
Fig. 2. Pyrolysis system.

haking at 200 rpm. Por no: 4 Gooch crucible was filtered using a
ocker-300 vacuum pump. The extracts were separated from the
olid. pH measurements and K, Na, and Ca and oxidability analyses
ere performed.

.5. Activated carbon

The post-extraction solid samples were mixed with 2 M HCl
olution (10 times the pyrolysis product from which it was
btained) with agitation for 12 h. The solid separated from the liq-
id was washed with distilled water until neutrality. The AgNO3
olution of the elution samples did not form AgCl, and the result-
ng solid was dried at 100 ◦C for 12 h. Afterward, BET surface area

easurements, tests, and analyses were performed.

.6. Precipitation of potassium-struvite from pyrolysis product
xtract

First, a potassium-containing extract was obtained from the

yrolysis product according to the procedure (Flow Chart in Fig.
2) involving two steps of extraction using (1) 10 g of pyrolysis
roduct and (2) 100 mL  of water. About 50 L of the extract was
btained. Solution composition was  determined. A portion of the

9
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Table 1
Some properties of concentrated vinasse.

Properties Value

Density (g/cm3) 1.31
pHa 5.3
Conductivity (�s/cm) (×1000)b 332
Turbidity (NTU) (×1000)b 29.8
Heating Loss at 600 ◦C (%)c 50.32
Ash (in 950 ◦C) (%)d 9.9
COD (mg-O2/l)b 571,000
Color (Absorbans)e 116 / 39 / 17
Viscosity (cP) 936
Dry Matter (Bx) 63.5
Total Nitrogen (mg-N/ kg)f 28,600
Phosphorus (mg/kg)f 207
Potassium (mg/kg)f 66,500
Sodium (mg/kg)f 14,900
Calcium (mg/kg)f 3800
Magnesium (mg/kg)f 565

a Measurements in medium obtained by diluting the concentrated vinasse five
times.

b Measurements in medium obtained by diluting the concentrated vinasse thou-
sand  times.

c Constant weighing result at 600 ◦C. d Constant weighing result at 950 ◦C.
e Measurements in medium obtained by diluting the concentrated vinasse

thousand times (Measurements at 420, 520 and 620 nm wavelengths on the spec-
trophotometer).

f Concentrated vinasse is calculated from the measurements made by dilution at
the  appropriate rate.

Table 2
Some properties of grape marc.

Peoperties Value

Bulk density (g/cm3)a 0.89
True density (g/cm3)b 1.4974
Loss of heating at 105 ◦C (humidity) (%)c 3.1
Loss of heating at 600 ◦C (%)d 74.9
Ash (%)e 5.6
Potassium (%)f 1.74
Sodium (mg/kg)f 1185
Calcium (mg/kg)f 3500
Magnesium (mg/kg)f 810

a Weight of the grape marc, which is filled to a certain volume of container.
b Value found with helium pycnometer.
c Grape marc prepared by drying at 80 ◦C for 24 h at 105 ◦C.
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extract was concentrated by evaporation. The concentrated extract
containing about 2 M K+ was stored for experiments.

The principle reaction to obtain potassium struvite is as follows:

K++Mg2++PO4
3−+6H2O → KMgPO4.6H2O (1)

The following procedure was used to precipitate potassium-
struvite. Different final pHs were obtained after adding K, Mg,  and
P (ratio of 1:1:1) to the intermediate product with H3PO4-MgCO3-
MgCl2.6H2O and 2 N NaOH solution to the mixture. The precipitates
were obtained as described above, and analyses were performed
on the dried samples. Structural and chemical analyses were per-
formed.

3.7. Solubility tests on potassium-struvite

The decomposition of acids and organic substances secreted by
plant roots results in humic and fulvic substances. The solutions of
those substances can dissolve slow-release fertilizer components.
Therefore, the dissolution of a product with potassium struvite in
mineral acid (HCl), citric acid, formic acid, acetic acid, oxalic acid,
humic acid, ammonium citrate, ammonium oxalate, ammonium
acetate, DTPA, and EDTA solutions was determined. The K:Mg:P
ratio was adjusted to 1:1:1, and the pH was adjusted to 9.5 with
NaOH solution to precipitate potassium-struvite. This product was
used in solubility tests performed in various media. To that end, the
potassium-struvite-containing product obtained by drying at 40 ◦C
was stirred at room temperature (23−27 ◦C) in a 0.001 M solution
of the above substances in a solid/liquid ratio of 10 g/L. To do that,
0.4 g of solid was weighed in a 50 mL  Falkon tube, and 40 mL  of
solution was added. The mouth was tightly closed, and 16 tubes
were placed in an end-over-end rotator (Dragonlab, MX-RL-Pro).
The mixtures were stirred at 50 rpm for one day, and then, the tubes
were centrifuged at 6500 rpm for ten min. pH measurements and
potassium, phosphorus, and magnesium analyses were performed.

3.8. Instruments and measurements

Potassium-struvite characterization was performed using prox-
imate and ultimate analysis, X-ray diffraction (XRD, Rigaku
D-max-2200), particle size distribution (Malvern Master Sizer
3000), FT-IR (Perkin Elmer Spectrum 100), TGA-DTA (FEI Quanta
250 FEG), and SEM-EDX (Jeol JSM-7001 F) analysis. The activated
carbon was examined using elemental analysis (LECO CHNS 932
Elemental Analyzer), SEM-EDX (FEI Quanta 250 FEG), X-ray diffrac-
tion (XRD, Rigaku D-max-2200), BET surface area (Micromeritics
ASAP 2020), pHzpc (Malvern Nanosize ZS-3600 Zetasizer ash con-
tent in terms of ASTM D3174-73, iodine number analysis by the
sodium thiosulfate volumetric method (ASTM D 4607-94), and
functional group analysis by Boehm’s titration (Boehm, 1994,
2002).

4. Results and discussion

4.1. Properties of vinasse and grape marc

Tables 1 and S1 show the analysis results for the concentrated
vinasse. Tables 2 and S2 show the analysis results for the grape
marc. The vinasse and grape marc were used for pyrolysis experi-
ments.

4.2. Pyrolysis experiments and mechanism
Pyrolysis decomposes potassium and sodium compounds into
oxides and carbonates and reduces them to a metallic state, and
forms various gases (H2, CO2, CO, N2, H2O) during all those degra-
dation reactions. Porosity, and hence, surface increases in the mass

M

M

108
d Grape marc dried at 80 ◦C, constant weighing result at 600 ◦C.
e Grape marc dried at 80 ◦C with constant weighing at 950 ◦C.
f By analysis of the solution obtained by dissolving the ash in 0.1 M HCl.

ith gases separating from the mass and entering and exiting the
etallic components in the carbon mesh (Alcañiz-Monge and Illán-
ómez, 2008; Sevilla and Fuertes, 2013). Alkali carbonate, oxide,
nd metals form during washing with water after hydration, disso-
ution, and hydrolysis, followed by the separation of carbon mesh
rom cavities. Consequently, the surface of the remaining mass
auses further expansion. The high pH of the water extract indi-
ated that those events took place, the chemical reaction equations
f which are as follows (Arslanoğlu, 2019):

During pyrolysis:

C, H, O, N) + Me (K and Na) → Me2CO3 + C + CO ↑
+CO2 ↑ +H2O ↑ +H2 ↑ +N2 ↑

The products may  also contain large molecular tarry substances
ue to degradation and coupling reactions. Other hypothetical
vents are as follows:
e2CO3→ Me2O + CO2↑

e2O + C → 2Me  + CO ↑

0
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Fig. 3. V/GM: 2, pyrolysis temperature 600 ◦C, pyrolysis time: 120 min  X-ray diffrac-
togram of the activated carbon product obtained as a result of stabilization with
pyrolysis product, water extraction residue and acid solution. (a-Pyrolysis product,
b-  the solid material remaining from the water extraction of the pyrolysis product,
c
a
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Me  + oxygenatedcompounds → Me2O + someothercompounds

Me2O + H2O(g) → 2MeOH

2Me  + 2H2O(g) → 2MeOH + H2↑
During washing with water in pyrolysis, components present in

the environment may  result in the following reactions:

2Me  + 2H2O → 2MeOH + H2↑ (Me  : KandNa)

Me2O + H2O → 2MeOH

Me2CO3+H2O → MeOH + MeHCO3

The post-washing strong alkali solution confirms that alkali
hydroxides are present in the medium and that the above hypothet-
ical reactions may  occur. These hypothetical statements agree with
the description provided by earlier studies using alkali compounds,
the mechanisms of which are presented in the “General Informa-
tion” section. Since active carbon and elemental alkali metal and
their oxide and carbonate and hydroxides are formed, the mech-
anisms described by different equations occur within the same
cycle.

A study focused on the carbonization of organic alkali salts (cit-
rate, gluconate, alginate) to produce porous carbons and reported
that the decomposition of organic alkali salts at relatively low tem-
peratures (500−650 ◦C) resulted in alkali carbonates. The organic
skeleton is also carbonized during heating. At high temperatures,
alkali metal carbonates decompose to alkali metal oxides, which are
then reduced to alkali metals by elemental carbon. Carbon monox-
ide is formed by the reaction between CO2 and C, resulting in a
microporous structure. Alkali metals contribute to the develop-
ment of a different porous structure due to expansion and swelling
while evaporating by entering between graphene layers. Research
shows that the mechanism is transformed into a chemical activa-
tion with alkali hydroxides and alkali carbonates after alkali metal
carbonates-oxides and elemental metal form (Sevilla and Fuertes,
2013; Arslanoğlu, 2019) (Fig. 3). Those studies used alkaline salts
of organic acids, which are high in Me,  and therefore, have greater
surface areas than those in this study. In general, alkali salt/starting
material is obtained by activating alkali salts with 1500 m2/g and a
large surface area due to their high ratio. Therefore, it can be stated
that using a clamp as a source of potassium rather than the surface
areas of active carbons with potassium compounds results in better
activation.

On the other hand, the low calcium content in the water extrac-
tion solution suggested that calcium (Table 3) was  converted into
oxide during pyrolysis and into calcium carbonate with low solu-
bility in alkali medium due to displacement reactions with alkali
carbonates during extraction.

CaCO3→ CaO + CO2

CaO + H2O → Ca2++2OH−

Me2CO3→ 2Me++CO3
2−(Me  : KandNa)

HCO3
−+OH−→ CO3

2-+H2O

2+ 2−
Ca +CO3 → CaCO3↓
Thus, potassium can be extracted into a high-alkaline solution,

which is essential for the precipitation of potassium-struvite, and
the carbonized material surface can be of considerable value (Fig. 3).

1
b
s
a

108
-activated carbon obtained by stabilizing the pyrolysis product with acid solution
fter water extraction).

Potassium extraction values were satisfactory in all exper-
ments. Extraction efficiency from pyrolysates at temperatures
igher than 600 ◦C was equal to or greater than 90 %. The sodium
ontent of the solution was equal or slightly lower. The calcium
ontent of the solution passes to the solution at a maximum of
0 % of the initial values of the mixture. The high post-extraction
a content of the solid residues (see EDX spectra in Fig. 4) con-
rms this as well. Low calcium content is ideal because calcium
hosphate does not form in the solution, and therefore, K-struvite
recipitation does not adversely affect product purity.

The pyrolysis temperature, which was the same in all experi-
ents, can be increased to reduce oxidability, a measure of organic

mpurities. At temperatures higher than 600 ◦C, oxidability falls
o a certain level, after which it remains more or less the same.
nother indication is that the pyrolysate extracts obtained at 400 ◦C
re yellow-brown or completely colorless, and that clear solutions
merge at temperatures higher than 600 ◦C. The almost-constant
xidizability at temperatures higher than 600 ◦C may be due to
norganic impurities, which can substantially reduce the dichro-

ate used in the determination method, such as the chloride ion in
he medium is decomposed into extraction (Table 3). As the pyroly-
is temperature increased, the pH values of the extracts were about
3 or slightly more. This alkaline medium can be advantageous

ecause it requires less alkali to reach the pH range 8–10, which is
uitable for K-struvite precipitation (Arslanoglu, 2019; Arslanoglu
nd Tumen, 2018) (Table 3).

1
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Table  3
Results of experiments performed at different V / GM ratio and pyrolysis temperature.

V/GM
rate

Pyrolysis
temperature (◦C)

Pyrolysis product
weight (g)

Weight of pyrolysis
product after
extraction with
water (g)

Weight of water
extraction residue
after washing with
acid solution (g)

Potassium in the
extract (%)

Sodium in the
extract (%)

Calcium in the
extract (%)

COD (mg
O2/l)

Extracts
pH

1

400 7.20 6.29 6.05 84.1 85.1 31.9 1875 12.8
500  6.15 5.10 4.86 83.6 80.6 27.2 947 13.4
600  5.90 4.82 4.57 89.7 81.4 18.7 446 12.8
700  5.56 4.43 4.18 91.7 89.1 19.3 419 13.3
800  5.26 4.07 3.82 90.0 87.8 15.6 476 13.3

2

400  7.14 5.89 5.65 90.8 88.5 34.8 2315 12.8
500  6.20 4.81 4.57 93.4 90.9 32.8 955 13.5
600  6.01 4.47 4.24 93.6 91.2 16.7 582 13.1
700  5.49 3.92 3.69 93.1 90.4 16.0 518 13.5
800  5.09 3.43 3.19 93.3 91.3 17.3 540 13.3

3

400  7.08 5.69 5.44 88.6 89.9 36.2 3455 12.6
500  6.17 4.57 4.33 89.3 90.5 31.2 1278 13.3
600  5.98 4.34 4.09 93.8 90.3 30.8 878 12.9
700  5.43 3.64 3.39 92.9 90.7 26.2 816 13.3
800  5.02 3.11 2.87 93.3 90.0 29.5 891 13.3

oduct
after w
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c
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l
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Fig. 4. SEM images and EDX spectra of the obtained activated carbon. (a-Pyrolysis pr
c-activated carbon obtained by stabilizing the pyrolysis product with acid solution 

Tables 6 and 7 present some of the characteristics of the acti-
vated carbons obtained under the test conditions (V/GM ratio: 1, 2,
and 3; pyrolysis temperature 400, 600, and 800 ◦C). Table 4 shows
that the higher the V/GM ratio and pyrolysis temperature, the
higher the specific surface areas of the carbonized products, indi-
cating that a good activation in the form of complete carbonization
and surface expansion did not occur at 400 ◦C. The oxidability val-
ues of the extract (Table 3) also showed that the product obtained
at 400 ◦C was not stable for the water medium. For the V/GM ratio
3, the specific surface areas of the product after washing with acid
at 800 ◦C were about 1000 m2/g, which was acceptable for acti-
vated carbon. At higher temperatures, the content of the volatile
substances in the active carbon was lower, the amount of fixed car-

bon was slightly higher, the iodine number was relatively high, and
the average pore diameter was lower.

On the other hand, the higher the methylene blue and copper,
the higher the products’ sorption capacity. Although the number of

c

w
p

108
, b- the solid material remaining from the water extraction of the pyrolysis product,
ater extraction).

unctional groups was reduced, it yielded a more effective activated
arbon using more processors at higher temperatures (Table 5). This
an be attributed to the excess alkali salts in the mixture per given
ignocellulosic mass, promoting activation. The activated carbons
ad lower pore diameters after pyrolysis at 800 ◦C than at 400 and
00 ◦C, while they had considerably high pore volumes after pyrol-
sis at 800 ◦C than at 400 ◦C. This might also have contributed to the
elatively high sorption efficiency of the activated carbons obtained
t 800 ◦C.

The SEM images show that washing with water and acid solution
ncreased the specific surface areas of the pyrolysis products and
hat washing with acid solution resulted in a more porous structure.
he increase in total pore volumes and specific surface areas also

onfirmed this (Fig. 4 and Table 4).

The EDX spectra of areas with possible impurity showed that
ashing with water resulted in a large dissolution of the pyrolysis
roducts while washing with acid solution resulted in a substan-
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Table 4
The obtained intermediate and some properties of the final carbonization product.

Pyrolysis product After extraction of
pyrolysis product
with water

Analysis and tests for characterization of activated carbons obtained after
washing of pyrolysis product with water and acid

V/GM
rate

Pyrol.
Temp.
(◦C)

Surf.
Area
(m2/g)

Total
pores
volume
(cm3/g)

Aver. pore
diamet. (Å)

Surf.
Area
(m2/g)

Total
pores
volume
(cm3/g)

Aver. pore
diamet. (Å)

Surf.
Area
(m2/g)

Total
pores
volume
(cm3/g)

Aver. pore
diamet. (Å)

*Methylene
blue
sorption
capacity
(mg/g)

**Copper
sorption
capacity
(meş /g)

Elemental Analysis (%)

C H N S O

Grape
Marc

600 2.15 0.0013 192.1 36.1 0.0172 39.1 155.2 0.0861 25.4 175.3 1.494 63.2 4.52 1.08 0.03 25.62
800  6.91 0.0282 183.6 91.4 0.0941 29.3 315.4 0.2143 24.1 310.2 1.613 65.4 4.34 0.64 0.11 23.76

Vinasse
600  3.43 0.0236 187.2 230.8 0.1369 23.7 869.9 0.4290 20.9 382.9 1.892 67.6 2.34 3.36 0.81 20.27
800  11.57 0.0393 172.3 952.3 0.4322 20.4 1415.6 0.7126 20.1 575.6 2.150 69.3 2.01 1.95 0.96 19.69

1
400  0.59 0.0017 112.9 9.57 0.0097 40.9 12.9 0.0147 45.6 107.9 1.354 58.8 4.11 3.39 0.10 30.56
600  4.01 0.0119 118.8 26.45 0.0118 35.7 200.8 0.1093 21.8 196.1 1.606 61.4 2.33 3.20 0.29 28.62
800  5.23 0.0246 119.2 647.4 0.3379 21.5 661.1 0.3472 20.9 442.5 1.921 58.4 1.56 1.87 0.40 32.41

2
400  0.75 0.0043 214.3 15.34 0.0145 39.9 15.85 0.0174 44.0 144.9 1.417 60.6 4.65 3.17 0.06 28.24
600  3.02 0.0168 182.7 54.92 0.0526 38.4 498.4 0.2463 22.7 283.3 1.669 63.5 2.38 3.70 0.60 24.72
800  6.04 0.0253 184.3 720.6 0.3562 20.5 997.2 0.5458 21.9 471.7 1.984 58.6 1.38 1.82 0.47 31.46

3
400  0.74 0.0027 164.1 24.72 0.0246 34.6 18.2 0.0148 32.3 169.5 1.480 60.3 4.55 4.45 0.07 27.18
600  5.21 0.0245 189.3 62.33 0.0735 31.5 576.2 0.2587 21.0 302.1 1.732 66.8 2.54 4.26 0.79 20.05
800  8.45 0.0301 191.4 810.4 0.3579 20.8 1075.4 0.5667 21.2 520.8 2.047 64.6 2.27 1.80 0.88 23.26

*Calculated from the analysis of the solution by shaking 0.2 g of the substance in 200 mL of 250−1000 mg l−1 methylen blue solution in pH 4.8 buffer medium for 24 h (Arslanoglu et al., 2009; Yaras and Arslanoğlu, 2018).
**Calculated from the analysis of the solution by shaking 1 g of the substance in 200 mL  of 10 mM CuCl2 solution in pH 4.8 buffer medium for 24 h (Arslanoglu et al., 2009; Yaras and Arslanoğlu, 2018).
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Table  5
Some other properties of the obtained activated carbon.

V/GM rate
Pyrol.
Temp. (◦C)

Ash1 (%)
Volatile Matter
2 (%)

Fixed carbon 3

(%)
pHzpc

4 Iodine Number
5 (mg/g)

Functional groups 6 (meş /g)

Acidic groups Basic
groups Total

Carboxylic Phenolic Lactonic Total

1
400 3.04 39.83 57.13 19.4 1.02 0.39 0.87 2.28 0.81 3.09

600  4.16 34.35 61.49 2.75 221 0.97 0.26 0.45 1.68 0.55 2.23
800  5.36 30.12 64.52 590 0.74 0.28 0.41 1.43 0.38 1.81

2
400  3.28 31.91 64.81 31.6 1.34 0.47 0.66 2.47 0.96 3.43
600  5.10 28.70 66.20 3.05 433 1.13 0.30 0.39 1.82 0.72 2.54
800  6.27 25.34 68.39 881 0.61 0.25 0.52 1.38 0.61 1.99

3
400  3.45 27.91 68.64 27.2 1.28 0.39 0.73 2.40 1.08 3.48

600  5.56 25.58 68.86 3.90 513 0.97 0.34 0.39 1.70 0.74 2.44
800  7.19 22.54 69.27 968 0.65 0.30 0.27 1.22 0.89 2.11

1 Ash determination: according to ASTM D 2866-94.
2 Determination of volatile matter: Made according to ASTM D 5832-98.
3 Determination of fixed carbon: It was found by subtracting the sum of ash and volatile matter from 100.
4 Determination of pHzpc: It was made by balancing the active carbons in NaCl solutions at different pHs and measuring the pH in the final mixtures (Órfão et al., 2006;

to the method (Boehm, 1994, 2002).
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Rivera-Utrilla et al., 2001).
5 Determination of iodine number: According to ASTM D 4607.
6 Determination of functional groups: Boehm titration was performed according 

tial dissolution of the inorganics. The calcium peaks in some of the
EDX diagrams solid residues obtained by extracting pyrolysis prod-
ucts with water supported the hypothesis that CaCO3 forms on the
surface during extraction. An acid solution was used to remove
those impurities. EDX analysis provides information in that regard
(Fig. 4). According to the results, the average pore diameter of the
activated carbon obtained by increasing the pyrolysis time to 120
min  remained almost constant, while the specific surface and total
pore volume increased and then remained constant for a long time.
Oxidability also decreased with an increase in the pyrolysis time.
The oxidability value of 600 mg-O2/L suggested that a 120 min
pyrolysis at 600 ◦C was suitable for potassium extraction and low
impurities.

4.3. Obtaining potassium-struvite

The extract obtained in the first extraction step was  used as a
resolvent to obtain a potassium-containing solution at the end of
the two-step extraction process (Fig. S2). A portion of the solu-
tion was evaporated to a potassium concentration of 2 M.  The
potassium-containing solutions were referred to as the “extract”
and “concentrated extract,” respectively. Tables S3 and S4 show
the compositions of the extract and the concentrated extract,
respectively. Potassium-struvite precipitation was  obtained from
the extract according to Fig. S3.

Table 6 shows the results of changing the K: Mg:  P ratios and
the pH at 9.5, indicating that the higher the Mg  and P ratios,
the higher the precipitated potassium content but lowered the
potassium content in the product (Arslanoglu and Tumen, 2018).
This is understood by the fact that the amount of the product
increased with a particular solution containing the same amount of
potassium. In addition to potassium-struvite, various magnesium
phosphates precipitated, increasing the amount of the product and
reducing potassium concentration. The presence of the tertiary
magnesium phosphate compound Mg3(PO4)2.22H2O (cattiite) in
the XRD images confirmed this.

Extract (250 mL), K, Mg,  and P (ratio of 1: 1: 1), final potassium
(about 16 g/L), water (100 mL), and NaOH solution (about ten g/L)
with a pH of 9.5 were used in the experiments, and no Na3PO4 crys-
tallization was observed. The amount of the extract and reagent

remained the same. However, more water was added to reduce the
final potassium concentration to about 5 g/L, and no significant dif-
ference was observed in the amount of the precipitate. About 50.4
% of potassium was recovered in one experiment. In another one,

m
t
o
t

108
ig. 5. X-ray diffractogram of potassium-struvite containing product precipitated
t pH 9.5 with a K: Mg:  P ratio of 1: 1: 1.

ore water was  added to reduce the potassium concentration to 2
/L, resulting in a 36.65 % potassium yield. It is reported that potas-
ium yield decreases from 85 % to 72 % when the K, Mg,  and P have

 ratio of 1: 2: 2 with a pH of 10, and when reagents (from 100
M to 25 mM)  are added to the mixture of potassium (Kuş ç uoğlu,

008). Other studies report that potassium yield decreases in more
ilute systems. Of course, precipitation can be carried out in the
ost concentrated medium possible in terms of the amount, prop-

rties, and re-use of residual solutions or the challenges of waste
reatment.

In this study, necessary reagents were used in the experiments
erformed at about 9.5 pH with the K: Mg:  P ratio of 1: 1: 1 in order
o obtain a slow-release fertilizer. Figs. 5–6 and Figs. S4-S6 present
he XRD and FTIR diagrams, TG/DTA thermogram, particle size dis-
ribution graph and SEM-EDX image, and spectrum of the product,
espectively. The XRD diagram showed that potassium-struvite
ormed (Fig. 5), indicating that potassium-struvite formation was

ore efficient in an alkaline medium, which is consistent with
he literature (Rahman et al., 2014; Liu et al., 2013; Xu et al.,
011).

The FTIR spectra for potassium-struvite were similar to those
eported by earlier studies (Kiani et al., 2019; Lustosa Filho et al.,
019). The broadband of 3300−2600 cm−1 of the product spectrum
oincided with the basic stress mode of crystal water molecules in

any inorganic hydrated compounds. The weaker band crystalliza-

ion of about 2300 cm−1 can be attributed to the tensile vibration
f a set of water molecules H-O-H. It is reported that the band in
hat area is due to the hydrogen bond between water and phos-

4
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Table  6
Results of potassium struvite precipitation experiments (Experiments were performed according to Fig. S3) [Precipitations were carried out at pH 9.5, room temperature
(23-27 ◦C) and 6 h complete].

Exp. No. pHi K:Mg:P rate Final pH in
precipitation

Obtained product
(Dried at 40 ◦C)

Product composition K recovery (%)

K Mg  P K2O (%) MgO  (%) P2O5 (%) Na2O (%) LI* (%)

1 9.42 1 1 1 9.27 23.18 10.67 17.63 31.88 3.21 39.03 50.40
2  9.51 1.5 1 1 9.36 13.68 11.11 19.82 35.76 2.28 30.12 30.96
3  9.55 2 1 1 9.41 10.74 12.27 18.91 34.39 1.17 31.26 26.87
4  9.39 1 1 1.5 9.22 23.67 8.05 17.26 35.14 3.57 38.78 38.83
5  9.44 1.5 1 1.5 9.30 16.07 9.07 17.15 34.56 3.68 38.69 29.71
6  9.52 2 1 1.5 9.41 11.37 10.09 17.73 36.67 2.51 32.04 23.37
7  9.38 1 1 2 9.20 23.62 7.61 16.97 31.06 3.57 43.10 36.65
8  9.57 1.5 1 2 9.45 15.94 7.76 16.80 30.48 3.45 42.96 25.21
9  9.45 2 1 2 9.29 12.12 7.90 16.76 30.05 3.39 40.80 19.53
10  9.53 1 1.5 1 9.35 18.56 4.99 25.10 39.56 1.58 31.34 18.89
11  9.42 1.5 1.5 1 9.20 13.85 5.28 22.59 35.19 0.87 37.25 14.92
12  9.59 2 1.5 1 9.38 9.50 4.99 24.38 38.61 0.37 35.02 9.67
13  9.47 1 2 1 9.35 19.98 2.23 20.80 36.72 1.35 36.95 9.08
14  9.50 1.5 2 1 9.32 12.61 2.52 21.81 38.86 0.77 37.29 6.48
15  9.53 2 2 1 9.41 9.41 2.64 22.11 39.27 0.32 34.41 5.06
16  9.45 1 1.5 1.5 9.30 35.61 8.63 17.35 31.18 3.45 43.26 62.65
17  9.49 2 1.5 1.5 9.31 17.05 11.11 18.22 32.54 3.45 35.87 38.59
18  9.53 1 2 2 9.27 45.73 8.78 18.16 32.19 3.33 39.74 81.81
19  9.39 1.5 2 2 9.25 31.48 9.07 17.45 31.37 3.10 40.86 58.18
20  9.48 1 3 3 9.23 61.50 7.15 20.15 36.49 3.21 38.75 89.56

* Loss on ignition, At a temperature of 400 ◦C where the crystal water is completely removed.

 prod

r
b
(
a

Fig. 6. SEM-EDX images of potassium-struvite-containing

phate and that modes of bending at medium intensity band H-O-H
vibrations at 1600 cm−1 is due to the deformation of the �2 H-O-H
water molecule (Kiani et al., 2019).

Free phosphate ion has four normal modes of vibration: �1, �2,

�3, and �4, �1 and �3 are stress and bending vibrations of �2 and
�4, and only �3 (asymmetric stress vibration) and �4 (asymmetric
bending vibration) are infrared active (Lustosa Filho et al., 2019).
According to the FTIR spectrum, the strong peaks of 1000 cm−1 cor-

c
t
t
c

108
uct precipitated at pH 9.5 with a K: Mg:  P ratio of 1: 1: 1.

espond to �3 asymmetric tensile vibrations, and the asymmetric
and at 570 cm-1 conforms to �4. This interpretation is provided by
Lustosa Filho et al., 2019). Chauhan et al. (Chauhan et al. (2011))
nd Stefov et al. (Stefov et al. (2004)) attribute the band around 430

-1
m to �2 mode or Mg  or O tensile vibration. They also state that
he absorption at 740 cm-1 is due to the Mg-O bond. In our samples,
hese two  bands were observed at approximately 420 cm−1and 730
m−1 (Fig. S4).
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Table  7
Results of solubility tests of potassium-struvite containing product in various media.

Solvents
Initial pH of
solvents

pHf
Experimental dissolution

K2O % P2O5 %

Water 6.84 9.18 2.17 0.77
Tap  water* 7.52 9.56 2.57 0.65
0.001  M HCl 3.27 8.41 10.03 11.16
0.001  M Citric acid 3.56 8.64 12.29 10.53
0.001  M Acetic acid 3.89 9.01 7.23 6.21
0.001  M Formic acid 3.04 8.60 10.65 9.65
0.001  M Sodium Humate 8.25 9.26 3.47 3.86
0.001  M Oxalic acid 3.77 8.92 9.24 9.51
0.001  M Ammonium citrate 5.53 8.76 6.89 6.12
0.001  M Ammonium oxalate 6.27 9.71 5.96 6.56
0.001  M Ammonium acetate 6.73 9.25 5.14 4.85
0.001  M DTPA 3.64 8.89 14.94 16.40
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0.001  M Na2-EDTA 5.21 

* Hardness 320 mg-CaCO3 / L.

Fig. 6 shows the SEM-EDX spectra at 5000 and 10,000 magnifi-
cations, indicating high potassium-struvite content in the samples
and particles in the rod structure. The high potassium content con-
firmed that the structures were potassium-struvite. The product
had a small particle size (Fig. S5). 6-h, 24-h, and 120-h precipitation
experiments yielded approximately 16�,  20�, and 28� of particle
size, respectively. This result suggests that if the NaOH solution is
used to adjust pH, then the average particle size of a precipitated
product is low. Fig. S6 shows the TG/DTA diagram of the solid prod-
uct, which is consistent with the literature (Rahman et al., 2014; Liu
et al., 2013; Xu et al., 2011). The apparent density and true density
and the BET specific surface area of the samples were 0.845, 1.8739
g/cm3, 65.4 m2/g, respectively, (Arslanoglu, 2019; Arslanoglu and
Tumen, 2018).

4.4. Potassium struvite solubility

The dissolution rates of potassium and phosphorus in distilled
and tap water at a solid-liquid ratio (10 g/L) were 2.17 % and 0.77
%, respectively (Table 7), which were higher than those reported
by (Salutsky and Steiger, 1964). This might be because our product
was not pure potassium-struvite and possibly contained magne-
sium phosphates and perhaps had a small particulate structure.
Salutsky and Steiger (Salutsky and Steiger, 1964) have shown that
potassium-struvite dissolves in water to disproportionation, result-
ing in magnesium phosphate.

Tests using mineral acid, organic acids, and compounds of var-
ious phosphate fertilizers have been proposed for solubility (Chen
et al., 2018; Bandyopadhyay et al., 2008; Chandra et al., 2009).
This study focused on various organic acids and their compounds
secreted by plant roots and determined that those substances dis-
solved in the solution (Table 7). Table 7 shows that potassium and
phosphate dissolution rates were different, given the stoichiomet-
ric formula of the potassium-struvite. This might be because the
structure was not only potassium-struvite but also contained some
other magnesium phosphates. Table 7 also shows that the disso-
lution rate was 14.94 %, 14.15 %, and 12.29 % in DTPA, Na2-EDTA,
and citric acid solutions, respectively. Considering the solution rate,
contact time, and solid/liquid ratio, we can state that the prod-
uct was a slow-release fertilizer. According to Trenkel (Rech et al.,
2019), 1-day dissolution of a slow-release fertilizer should be char-
acteristically below 15 % at 25 ◦C, in case of prolonged contact with
water. In our study, 10 g of solids were contacted by stirring in one

liter of distilled water for one day and then filtered. Afterward, the
solid was dried and weighed at 40 ◦C. The resulting dissolution rate
was about 0.75 %, indicating that it dissolved much more slowly
than reported by Trenkel (Rech et al., 2019).

T
1
A

108
9.12 14.15 13.90

. Conclusion

This study proposed a process to obtain a slow-release potas-
ium magnesium phosphate fertilizer from a mixture of vinasse (a
y-product of the sugar or ethanol industry) and grape marc (a by-
roduct of the wine-making industry). The following three main
esults have been obtained with the products obtained.

The first step of the study shows that when a mixture of a sig-
nificant amount of potassium-containing vinasse and a small
amount of potassium-containing grape marc is pyrolyzed and
extracted with water, potassium is dissolved in solution with a
high degree of extraction. Thus, potassium complex is obtained
from a complex to a clean environment, which is essential for
potassium-struvite precipitation (high in alkalinity), as calcium-
free as possible. The results also show that the potassium in the
mixture causes activation, resulting in an activated carbon as a
by-product of pyrolysis.
The second step shows that precipitation with NaOH solution is
suitable for product yield and purity and that the total concentra-
tion is not too much to result in sodium phosphate crystallization.
Mg and P can be increased to deposit potassium at a high rate.
Although our product has a lower potassium concentration, dif-
ferent types of products can be obtained by identifying suitable
conditions with a high transfer rate of potassium to the precipi-
tate. However, the value of a mixed product (as a fertilizer) with
potassium struvite and magnesium phosphate should be sepa-
rately determined.
The third step shows that the solubility of the product is 0.75 % in
the 24-h precipitation experiment and that the solubility based
on potassium is approximately 2%. These values indicate that the
product is an efficient slow-release fertilizer.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.psep.2021.01.
025.

References
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